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SUMMARY 
This paper d e s c r i b e s  t h e  r e s u l t s  of a test program to a s s e s s  th* p o t e n t i a l  
of manned ex t raveh icu la r  a c t i v i t y  (EVA) assembly of e r e c t a b l e  space t r u s s e s .  
Seventeen tests were conducted i n  which s i x  "space-weightN columns were assent- 
b led i n t o  a regular  t e t r a h e d r a l  cell  by a team of two "spacem-sui ted test sub- 
jects. This  cell r e p r e s e n t s  t h e  fundamental "element" of a t e t r a h e d r a l  t r u s s  
s t r u c t u r e .  The tests were conducted under s imulated zero-gravi ty  conditions, 
achieved by n e u t r a l  buoyency i n  water.  The cell was assembled on an " o u t r i g g e r w  
assembly a i d  o f f  the  s i d e  of a mockup of  the  S h u t t l e  O r b i t e r  cargo bay. Both 
manual and simulated remote manipulator system (RMS) modes were evaluated.  
The s imulated RMS was used on ly  t o  t r a n s f e r  stowed hardware from the  cargo bay 
t o  t h e  work sites. A r t i c u l a t i o n  limits of t h e  p ressure  s u i t  -.rid ze ro  g r a v i t y  
could be accommodated by work s t a t i o n s  wi th  f o o t  r e s t r a i n t s .  The r e s u l t s  of 
t h i s  s tudy  have confirmed t h a t  a s t r o n a u t  EVA assembly o f  l a r g e ,  e r e c t a b l e  
space s t r u c t u r e s  is wel l  wi thin  man's c a p a b i l i t i e s .  
Future  NASA spat? missions,  such a s  s o l a r  power genera t ion  and Ear th  
observa t ion ,  w i l l  r e q u i r e  " large"  t russ - type  s t r u c t u r e s ,  such as shown I n  
f i g u r e  1 ,  t o  suppor t  the  necessary  mission equipnent.  No exper ience e x i s t s  
on a c t u a l  in-space cons t ruc t ion  of even a p o r t i o n  of a s t r u c t u r e  of t h i s  
s c a l e .  The t h r e e  major cons t ruc t ion  approaches ( r e f .  1)  now under considesa- 
t i o n  a r e  (1) e r e c t i o n  of e f f i c i e n t l y  packaged components taken from t h e  
S h u t t l e  cargo bay, ( 2 )  deployment of ground-assembled s t r u c t u r e ,  and (3)  f a b r i -  
c a t i o n  of major s t r u c t u r a l  elements from "raw" m a t e r i a l s  (shaping and jo in ing  
f l a t  stock) followed by assembly i n t o  major p la t forms.  The e r e c t a b l e  const ruc-  
t i o n  approach c u r r e n t l y  includes  component (colwnns/ jo ints)  assembly by a s t r o n a u t  
ex t raveh icu la r  a c t i v i t y  !EVA), by as t ronau t -con t ro l l ed  o p e r a t i o n  of t h e  S h u t t l e  
remote manipulation system ( R M S ) ,  by programed r o b o t i c  manipula t ion,  and 
by combinations of these  methods. The e f f o r t  desc r ibed  i n  t h i s  r e p o r t  focuses  
on determining the  p o t e n t i a l  f o r  EVA assembly of e r e c t a b l e  s t r u c t u r e s  by two 
a s t r o n a u t s  with and without RMS suppor t .  The s t r u c t u r e  s e l e c t e d  f o r  tssembly 
t e s t i n g  was a six-member t e t r a h e d r a l  c e l l ,  a s  shown i n  t h e  upper l e f t  i n s e t  
i n  f i g u r e  1 ,  which is the  b a s i c  "element" of t h e  l a r g e  space t r u s s .  A summary 
is provided i n  re fe rence  2 of a s e r i e s  of assembly t e s t s  on two d i f f e r e n t  
s i z e s  of s t r u c t u r e ,  one using 5.4-m columns and t h e  o ther  using 9.1-m columns. 
The present  paper provides a more canprehensive d e s c r i p t i o n  and a n a l y s i s  of 
the  assembly tests on the  5.4-m columns than is conta ined i n  re fe rence  2. 
The purpose of t h i s  6-month s tudy  was t o  a s s e s s  a s t r o n a u t  EVA c a p a b i l i t i e s  
in the  assembly of l a rge  (5.4-m-long, 10-an-maximum-diameter columns),  "space- 
weight,"  e r e c t a b l e  s t r u c t u r e s  under simulated zero-gravity cond i t ions .  This  
assessment was based on determining the  accomplishment, d e x t e r i t y ,  and naneuver- 
a b i l i t y  of t h e  space-sui ted t e s t  s u b j e c t s ,  a s  we l l  a s  obse rva t ions  of t h e  
e f f e c t s  of t r a i n i n g ,  exper ience,  and f a t i g u e .  S p e c i f i c  o b j e c t i v e s  were t o  
1 . Evaluate and adapt preliminary space truss hardware and assembly aids 
to facilitate the assembly effort. 
2. Develop procedures for a two-man EVA assembly of a six-member tetrahe- 
dral cell with and without support from the Shuttle remote manipulator system, 
RMS-assisted, and manual modes, respectively. 
3. Determine representative time lines for the assembly of individual 
components and the complete tetrahedral cell for the two assembly modes. 
A motion-picture film supplement has been prepared and is available 
on loan. A request form and a description of the film are found at the back 
of this paper. 
APPARATUS AND TEST SETUP 
The six-column tetrahedral cell is shown in the upper left inset in fig- 
ure 1 and in the test setup in figure 2. The cell was assembled on an outrigger 
assembly aid by two space-suited test subjects. The test subjects removed the 
test hardware (columns, joints, unions, and simulated equipment module) from 
a stowed position in the cargo bay mockup and transferred it to the specific 
assembly sites. They translated tc the work stations on the handrails mounted 
on the assembly aids, and worked from foot restraints in order to free their 
hands and to react their generated forces. The entire test setup was placed 
on the floor of the neutral-buoyancy water tank, shown in figure 3 (ref. 3). 
The columns, simulated equipment module, and suited test subjects were neu- 
trally buoyed to simulate zero-gravity conditions; that is, flotation material 
or weights were added to prevent sinking, rising, or preferred orientation 
within the working depth. Details of the apparatus and test setup are 
described in the next two sections. 
Test Hardware 
The columns, end joints, and unions were designed for low-weight, high 
packaging efficiency, single-assembly space truss applications (see refs. 4 
and 5). The simulated equipment module was included to provide an assessment 
of attaching an experiment package to a major structure. 
The structural test column used in this test series is shown in figure 4 
(ref. 4). These tapered columns are nestable to achieve high packing densities, 
and when assembled, are capable of supporting a 3.6-kN compressive axial load 
and at least that amount in tension. 
The column end joints are shown in figure 5. Both joints use a circular 
wedge and mating slot as the load-carrying path. As the two halves are brought 
together (with a motion perpendicular to the column axis as shown) the circular 
wedges (bar re1 section) and correspor;ding slot on the opposite joint-half engage. i 
Upon full insertion the joint is secured by the external latching tabs on the 
quick-assembly j o i n t ,  or by t h e  i n t e r n a l  l a t c h  on  t h e  quick-~ssembly/disassembly 
j o i n t .  The quick-assembly/disassembly j o i n t  was used o n l y  on  t h e  column j o i n t s  
a t  t h e  t e t r a h e d r a l  cell  apex. 
The unions,  shown i n  f i g u r e  6, ~ r o v i d e d  t h e  s t r u c t u r a l  i n t e r f a c e  f o r  t h e  
assembly o f  t h e  columns. A s  des igned ,  t h i s  s t r u c t u r e  c a n  accommodate n i n e  
columns to form a  nodal  p o i n t  w i t h i n  a t e t r a h e d r a l  t r u s s  s t r u c t u r e  ( f i g .  1 ) .  
For t h i s  test program, o n l y  t h r e e  co1;unns were assembled a t  each  node, r e q u i r -  
i n g  o n l y  t h r e e  preassembled j o i n t - h a l v e s  on each  union.  The un ions  were mounted 
on t h e  o u t r i g g e r  to  r e c e i v e  t h e  columns d u r i n g  t h e  assembly tests. The union 
mounting was a c c a n p l i s h e d  by us ing  an  e x t e r n a l  l a t c h  j o i n t  i n  t h e  p e d e s t a l s  o n  
t h e  o u t r i g g e r  a t  t h e  node p o s i t o n s ,  as shown a t  s t a t i o n  B i n  f i g u r e  2. 
The s i m u l a t e d  e q u i p n e n t  module (SEM), shown i n  f i g u r e  2, was a n  80- by 60- 
by 60-cm t u b u l a r  frame,  covered  w i t h  w i r e  mesh. H a n d r a i l s  o u t s i d e  t h i s  envelope  
al lowed t h e  module to be e a s i l y  g ra sped  and manipula ted  by t h e  test S u b j e c t s .  
The mociLlle was a t t a c h e d  to  t h e  t e t r a h e d r a l  cel l  apex union  w i t h  a 2.5-cm c o a r s e  
screw t h r e a d .  A c o n i c a l  g u i d e  on  t h e  female  j o i n t - h a l f  mounted on  t h e  apex  
union a s s i s t e d  t h e  test s u b j e c t s  i n  i n s e r t i n g  t h e  screw t h r e a d  on  t h e  module. 
The e n t i r e  module was r o t a t e d  to a c c a n p l i s h  assembly.  
T e s t  S e t u p  
The s t r u c t u r e  used t d  s u p p o r t  t h e  assembly tests  i n c l u d e d  t h e  t e s t .  s e t u p  
shown i n  f i g u r e  2. "Space" ( p r e s s u r e )  s u i t s  were used by t h e  " a s t r o n a u t "  test  
s u b j e c t s .  
The o u t r i g g e r  assembly a i d ,  f a b r i c a t e d  f r a n  aluminum channel  (1 5.2 by 5.1 
by 0.3 an), was a t t a c h e d  tc  t h e  s i l l  of  t h e  c a r g o  bay mockup and was suppor t ed  
o f f  t h e  f l o o r  of  t h e  t.ank a t  t h e  ou thoa rd  c o r n e r s .  The apex assembly  a i d  (AAA) , 
an 11.43-cm-diameter aluminum p l e ,  provided  a  s t r u c t u r e  t o  s u p p o r t  t h e  test 
s u b j e c t  and t h e  union a t  t h e  apex o f  t h e  t e t r a h e d r a l  c e l l  d u r i n g  assembly.  The 
AAA had a  h inged j swive l  base  to  a l low e r e c t i o n  from an  i n i t i a l  h o r i z o n t a l  pos i -  
t i o n  i n  t h e  ca rgo  bay and s w i v e l i n g  on t h e  a x i s  of t h e  p o l e  to  a  f i n a l  p o s i t i o n  
a g a i n s t  t h e  s i l l  of  t h e  c a r g o  bay. The p o l e  was s e c u r e d  a t  t h e  l i p  of t h e  c a r g o  
bay by a hinged s t r a p ,  b o l t ,  and knur led  handnut .  The base  was s e c u r e d  a g a i n s t  
subsequent  swive l ing  by a p i n  i n s t a l l e d  through t h e  deck. 
The f o o t  r e s t r a i n t s  ( r e f .  3) were des igned  f o r  S k y l s b  t o  s e c u r e  an  a s t r o -  
n a u t ' s  f e e t  by s e q u e n t i a l l y  i n s e r t i n g  h i s  boot  t o e s  i n t o  loops  and r o t a t i n g  h i s  
h e e l s  f r a n  t h e  c e n t e r  of t he  p l a t e  outward to  c a p t u r e  a wedge on t h e  h e e l  i n  
a  slot on t h e  p l a t e .  S i n c e  t h e  a s t r o n a u t  canno t  see h i s  f e e t ,  t h i s  s e r i e s  of  
maneuvers is accomplished by " f e e l . "  
The p r e s s u r e  s u i t  used i n  t h i s  test  s e r i e s  (model A7L-B, r e f .  3) was 
developed f o r  t h e  Skylab,  and is shown i n  f i g u r e  7. T h i s  s u i t  r e q u i r e s  an 
umbi l i ca l  s u p p l y  f o r  l i f e  s u p p o r t  sys tems of a i r ,  c o o l i n g  wa te r ,  and a conununi- 
c a t i o n  l i n k .  However, s i n c e  t h e  c u r r e n t  s u i t  is des igned  f o r  independent ,  s e l f -  
con ta ined  o p e r a t i o n  i n  space ,  d u m y  back and c h e s t  packs were mounted on  t h e  
s u i t  (see f ig .  7) t o  simulate self-contained l i f e  support systems. The s u i t s  
a r e  made from fabr ic  and fahric-reinforced rubber and are  pressurized within 
a ranqe of 1 0  t o  24 kPa (1.5 t o  3.5 p s i )  above ambient pressure. 
The pressure s u i t  physical motion limits a re  shown in  f igure  8.  The jo in t s  
and f l e x i b i l i t y  allow considerable a r t i cu la t i cn .  Hawever, "ballooning" of t h e  
s u i t  under the pressures j u s t  described forces the relaxed t e s t  subject  in to  an 
apelike posture (arms and legs  extended) and crea tes  appreciable resistance 
to motion, par t icular ly  a t  a r t i cu la t ion  l i m i t s .  This res is tance  is p a r t i a l l y  
o f f se t  by in ternal  s t raps  and e l a s t i c  bands. To a s s i s t  i n  a r t i cu la t ion ,  s u i t  
f i t  was emphasized; the s u i t s  through the Skylab era  were tailor-made for astro- 
nauts. The current s u i t  design is made i n  three s i zes  with interchangeable com- 
ponents, such 3s gloves and boots, t o  allow greater  adaptabil i ty.  Arm and leg  
lengths, as well as  g l o w  f i t  a t  the palm, a r e  adjustable with in ternal  s t r aps  
and laces. 
TEST PROGRAM 
A t o t a l  of 1 7  t e s t s  were co~lducted in a 6-month time frame for  assembling 
t h e  tetrahedral  c e l l  shown in  f igure  2. The program was conducted in  two 
phases: t e s t  setup and procedure developnent ( f i r s t  1 1 t e s t s )  , and determina- 
t ion of time l ines  (time t o  accomplish individual tasks and t o  complete assembly 
of the c e l l  - f i n a l  6 t e s t s ) .  No design e f f o r t  was made prior t o  the t e s t  
se r i e s  t o  optimize the t e s t  hardware (available columns, joints ,  and unions) 
or assembly aids and procedures t o  meet manned EVA requirements. The hardware 
aids and procedures were modified and adapted (within reasonable cost  and time 
r e s t r a i n t s )  throughout the developnent phase of the t e s t  program t o  improve the  
performance of the t e s t  subjects.  
The logic  used for the i n i t i a l  t e s t  setup and assembly procedures was based 
on maintaining simplici ty and minimizing motion and e f f o r t  by the t e s t  subjects.  
The i n i t i a l  setup contained only two f m t  r e s t r a i n t s  (one a t  each end of the  
column rack),  no apex assembly a id ,  and minimum handrails (on the outrigger and 
cargo bay s i l l ) .  Test hardware, procedures, and assembly aid modifications 
proposed during the t e s t  s e r i e s  were incorporated only a f t e r  a consensus of the 
t e s t  part icipants .  
Two dif ferent  modes of two-man assembly procedures were developed, a manual 
mode and an =-assisted mode. The manual-mode assembly procedure required the 
t e s t  subjects t o  i n s t a l l  the three unions on the outrigger assembly a id ,  i n s t a l l  
the three base columns, e rec t  the apex assembly aid, i n s t a l l  the apex union and 
the three upper columns, and then i n s t a l l  the simulated equipment module. For 
the RMS-assisted mode t e s t s ,  the procedure was modified t o  include a simulated 
Shut t le  renote manipulator system (REIS) t o  a s s i s t  the two t e s t  subjects  by 
transferr ing the coiumns and unions t o  the assembly s i t e s .  Also, the apex assem- 
bly a id  was erected prior t o  the t e s t .  The RMS was simulated by scuba-equipped 
u t i l i t y  divers, supportiag the co1:rmns a t  each end during t rans la t ion .  No j, 
attempt was made t o  simulate actual  ?KS operational cha rac te r i s t i c s .  
Test subjects were required to pass a rigorous physical fitness examination 
and h a w  both scuba and pressure suit training. In terms of pressure suit and 
neutral buoyancy test experience, the test subjects (a total of 11) that partici- 
pated in this test program ranged in experience fran novice to expert. 
Test data were collected through a number ?f systems, including videotape 
(five cameras with different view angles) with voice recording on the tape, 
16-nm motion-picture cameras, 35-ma still photographs, and post-test debriefings 
by all participants. 
Canponent assembly time lines were collected throughout the test series. 
System level time lines were credible only during the final six tests in which 
no further variables were introduced. 
RESULTS AND DISCUSSION 
The test program results are presented in this section for the two major 
phases of test setup and procedure developnent and determination of assembly 
time lines. A film supplement on test subject motions and hardware dynamics is 
available on request. 
Test Setup and Procedure Developnent 
A number of modifications were made to develop the test setup (fig. 2) and 
procedures. These modifications fall under four headings: assembly aids, test 
hardware (columns, joints, unions, and simulated equipnent module), assembly 
procedures, and test subject performance. The major modifications made during 
the developnent effort are outlined in table I. 
Assembly aids.- The need for an apex assembly aid (APA) was imnediately 
recognized during initial walk-throughs, prior to any sssembly testing. Further- 
more, test-subject-induced deflections at the apex required a major redesign 
of the AAA. The press:-e-suited test subjects couid not confidently grasp the 
test column to translate themselves, nor could the unions withstand the reactive 
forces induced by a translating test subject. The initial AAA design, using 
a 5-cm-diameter pole, allowed 1.2-m deflections at the apex during normal 
assembly operations. The AAA was stiffened by using an 11.4-cm-diameter pole, 
which allawed a 0.3-m apex deflection. Further modifications were made to 
assist the test subjects in orienting and erecting the RAA. An alignment pin, 
installed by a test subject, through the swivel base into the deck prevented 
undesired rotation. The diameter of the knob used to clamp the AAA to the cargo 
bay sill was increased £ran 2.5 to 3.8 cm. 
Foot restraints were added and reoriented throughout the development effort. 
All the assembly aids proved to be flexible, which caused considerable difficulty 
in locating and aligning the unions to receive the columns. Consequently, the 
test subjects had to force the columns and unions into relative alignment, react- 
ing these forces against the foot restraints. 
T e s t  hardware.- The space-weight columns and unions were e a s i l y  manipulated 
and t r a n s f  e r r e d ,  but  cons iderab le  d i f f i c u l t y  was encountered i n  j o i n t  assembly 
and v e r i f i c a t i o n  o f  assembly. 
The test s u b j e c t s  i n i t i a l l y  at tempted to c a r r y  t h e  unions ( f i g .  6)  i n  a 
nylon "dive bag" f o r  t r a n s l a t i o n  to t h e  work sites. Although t h e  unions cou ld  
be e a s i l y  grasped,  t h e i r  shape allowed snagging dur ing  withdrawal £ran t h e  bag. 
This  s i t u a t i o n  l e d  to t h e  e l i m i n a t i o n  o f  t h e  bag and t h e  use o f  wrist t e t h e r  
at tachments of t h e  unions f o r  t r a n s l a t i o n .  
Assembly o f  t h e  column j o i n t s  ( f i g .  5) was d i f f i c u l t ,  due to t h e  close- 
to le rance  design and t h e  f l e x i b i l i t y  of t h e  assembly a i d s .  I n s t a l l i n g  t h e  union 
p e d e s t a l  j o i n t  ( f i g .  6 ) ,  a s  shown i n  f i g u r e  9, presen ted  l i t t l e  d i f f i c u l t y ;  t h e  
t e s t  s u b j e c t  could e a s i l y  manipulate and a l i g n  t h e  p e d e s t a l  t o  a l low f u l l  seat- 
ing and l a t c h  engagement. However, s i n c e  t h e  o u t r i g g e r  and apex assembly a i d  
were no t  s t i f f e n e d  t o  prevent  moving o r  t w i s t i n g ,  khe unions were n e i t h e r  p r o p  
e r l y  l o c a t e d  nor a l igned  r e l a t i v e  to each o t h e r .  Misalignment was reduced by 
p r e t e s t  alignment of union p e d e s t a l s ,  us ing t h e  t e t r a h e d r a l  cell as an alignment 
f i x t u r e .  J o i n t  assembly d i f f i c u l t y  was f u r t h e r  reduced by a l lowing t h e  column 
end j o i n t s  t o  r o t a t e  and coord ina t ing  test s u b j e c t s  movements (see f i g .  1 0 )  to 
a s s u r e  t h a t  both ends were c o r r e c t l y  l o c a t e d  p r i o r  t o  assembly. 
V e r i f i c a t i o n  of j o i n t  assembly ( f u l l y  i n s e r t e d  and l a t c h e d )  presented a 
second d i f f i c u l t y .  The four  e x t e r n a l  l a t c h i n g  t a b s  of each j o i n t  r equ i red  o n l y  
small  d e f l e c t i o n s  to open and l a t c h ,  but could  not  be e a s i l y  viewed o r  recognized 
by touch by t h e  test sub jec t s .  Ro ta t ing  and tugging t h e  j o i n t  r i s k e d  damage 
to t h e  e x t e r n a l  l a t c h e s  i f  t h e  j o i n t  had no t  been f u l l y  l a tched .  
The e x t e r n a l - l a t c h  j o i n t  could  not  be used i n  a t t a c h i n g  t h e  s imulated 
equipment module t o  t h e  cel l  apex union. The test s u b j e c t  had t o  reach under 
t h e  SEM t o  g r a s p  t h e  j o i n t  with one hand, whi le  a t tempt ing t o  a l i g n  t h e  j o i n t  
by mznipulating t h e  SEM with t h e  o t h e r  hand. Th is  maneuver, a s  we l l  a s  an  
a t tempt  t o  grasp,  with both hands, t h e  jo in t -ha l f  mounted c n  t h e  SEM, was 
v i r t u a l l y  impossible due to t h e  i n t e r f e r e n c e  of t h e  test s u b j e c t ' s  helmet and 
t h e  s u i t  r e s i s t a n c e  t o  h i s  accomplishing t h e  necessa ry  reach.  Therefore ,  a 
threa"ed j o i n t  was s u b s t i t u t e d  which allowed t h e  t e s t  s u b j e c t  to g r a s p  t h e  SEM 
a t  its e x t r e m i t i e s ,  a s  shown i n  f i g u r e  11,  and t o  i n s t a l l  t h e  SEW by r o t a t i o n .  
Assembly procedures.- The f i n a l i z e d  ass-bly procedures  f o r  t h e  manual 
and M - a s s i s t e d  modes a r e  shown An t a b l e s  I1 and 111, r e s p e c t i v e l y .  Improve- 
ments i n  test s u b j e c t  performance were achieved by recogni t ion  through t e s t i n g :  
e s t a b l i s h i n g  t h e  b e s t  t r a n s l a t i o n  rou tes ,  e s t a b l i s h i n g  which s u b j e c t  of t h e  
two-subject team a c c m p l i s h e d  a p a r t i c u l a r  f u n c t i o n  most e f f e c t i v e l y ,  and 
determining t h e  b e s t  hardware l o c a t i o n .  For example, one change was i n  a 
maneuver which requ i red  a test s u b j e c t  to t r a n s l a t e  from s t a t i o n  C t o  s t a t i o n  A 
( s e e  f i g .  2) t o  i n i t i a t e  t h e  e r e c t i o n  of the  apex assembly a i d ,  which was stowed 
toward s t a t i o n  A. Th i s  maneuver was changed to stow t h e  apex assembly a i d  
toward s t a t i o n  B t o  a l l w  t h e  test s u b j e c t  a l r e a d y  a t  s t a t i o n  B t o  i n i t i a t e  t h e  
e r e c t i o n ,  while t h e  s u b j e c t  a t  s t a t i o n  C was t r a n s l a t i n g  through s t a t i o n  A to 
t h e  base of the  apex assembly a i d .  Also, i n s t a l l i n g  t h e  apex union on column 4 
p r i o r  t o  t h e  s t a r t  of the  test ( s e e  t a b l e  11) and i n s t a l l i n g  t h a t  column a s  t h e  
f i r s t  apex column (opposi te  t h e  A M ) ,  not  o n l y  reduced t h e  i n s t a l l a t i o n  e f f o r t ,  
but  s t i f f e n e d  and s t a b i l i z e d  t h e  apex assembly a i d .  
The =-ass is ted mode assembly procedure ( t a b l e  111) c a p i t a l i z e d  on having 
e r e c t e d  t h e  apex assembly a i d  p r i o r  to t h e  assembly t e s t ,  a s  well a s  us ing a 
s imulated R I S  to t r a n s f e r  t h e  hardware to t h e  work sites. T r a n s l a t i o n  reduc- 
t i o n s  were achieved i n  t h e  i n i t i a l  t r a n s f e r  of unions from s u b j e c t  1 t o  sub- 
ject 2, i n  e r e c t i n g  t h e  apex assembly a i d ,  and i n  t r a n s f e r r i n g  t h e  s imulated 
eqclipment module. 
T e s t  s u b j e c t  performance.- Severa l  genera l  r e s u l t s  on t e s t  s u b j e c t  perfor-  
mance were ob ta ined  £ran observa t ion  and t e s t  s u b j e c t  comments. 
Althoagh n e u t r a l l y  buoyed, t e s t  s u b j e c t s '  grasping and manipulating capa- 
b i l i t i e s  were a f f e c t e d  by t h e i r  gravi ty- inf luenced p o s i t i o n  i n  t h e  s d i t .  On 
r e o r i e n t i n g  themselves t h e  test s u b j e c t s  " f e l l "  i n s i d e  t h e  s u i t ,  due t o  t h e  
l a r g e  i n t e r i o r  volume. Th is  f a l l i n g  r e p o s i t i o n e d  t h e  test s u b j e c t s  and pre- 
vented them from f u l l y  i n s e r t i n g  t h e i r  arms and hands i n t o  t h e  l i m i t s  of t h e  
ballooned s u i t  and, consequently,  reduced t h e i r  a b i l i t y  to g r a s p  o b j e c t s .  
Grasping, manipulating,  and pass ing  t h e  columns presented l i t t l e  d i f f i c u l t y ,  
s i n c e  minimal hand d e x t e r i t y  was required.  The columns were grasped a t  one 
end with e i t h e r  two hands, a s  shown i n  f i g u r e  1 2, o r  wi th  one hand a f t e r  
i n s e r t i n g  t h e  column i n  t h e  armpi t  of the  same arm. The test s u b j e c t s  were a b l e  
t o  conEidently s l i d e  t h e  column throush t h e i r  hands, holding it a g a i n s t  t h e i r  
shoulder and helmet, t o  a l low t h e  column t o  be grasped a t  any p o s i t i o n  along 
its leng th .  The e r e c t i o n  of t h e  apex assembly a i d  ( f i g .  1 3 )  was a manageable 
t a s k  i n  s p i t e  of t h e  f a c t  t h a t  it was not  n e u t r a l l y  buoyed; one t e s t  s u b j e c t  
l i f t e d  t h e  pole  a t  approximately its midpoint and passed it t o  t h e  o t h e r  test 
s u b j e c t  a t  t h e  p o l e ' s  base. 1nstal . l .at ion of the  p i n  i n  t h e  base of t h e  apex 
assembly a i d  was e a s i l y  accomplished by a test s u b j e c t  i n  a prone p o s i t i o n ,  a s  
shown i n  f i g u r e  1 4 .  However, t h e  assembly o f  t h e  AAA l a t c h e s  a t  t h e  cargo bay 
sill  and t h e  apex proved t o  be d i f f i c u l t  i n  grasping and r o t a t i n g  t h e  knurled 
knobs; the  t e s t  s u b j e c t s  experienced apprec iab le  f a t i g u e  i n  accomplishing t h e  
approximately 1 2  t u r n s  of t h e  knob t o  s e a t  each l a t c h .  Fu~thermore ,  a t  t h e  apex 
of the  RAA ( f i g .  15)  t h e  t e s t  s u b j e c t  was forced t o  reach t o  h i s  limits, due 
t o  i n t e r f e r e n c e  with h i s  c h e s t  pack and p ressure  c o n t r o l  u n i t .  
Tes t  s u b j e c t  view angles  were l i m i t e d  by s u i t  protuberances and s t i f f n e s s .  
The s u b j e c t s  had d i f f i c u l t y  i n  looking downward and i n  s tooping and bending t o  
achieve b e t t e r  view angles .  I n  o rder  t o  f u l l y  view an o b j e c t ,  t h e  test s u b j e c t s  
r o u t i n e l y  maneuvered t h e i r  e n t i r e  bodies ( a s  i n  ze ro  g r a v i t y )  wi th  t h e i r  hands 
and arms, while mainta ining a s t r a i g h t  posture .  
The degree of d i f f i c u l t y  of body maneuvers t o  accanp l i sh  b e n e f i c i a l  work 
ranged widely i n  t h i s  test program. A l l  t e s t  s u b j e c t s  were comfortable and 
conf iden t  dur ing hand-over-hand t r a n s l a t i o n s .  (See f i g .  1 6. ) The most d i f -  
f i c u l t  work s i t e  ( p r i o r  to incorpora t ing  f o o t  r e s t r a i n t s )  was a t  s t a t i o n  C 
( f i g .  2 ) .  An extremely a g i l e ,  exper ienced test s u b j e c t  could c l i n g  t o  t h e  out-  
r igger  wi th  h i s  l e g s ,  toes ,  o r  arms and st i l l  be productive.  The a d d i t i o n  of 
a l e g  loop, a s  shown i n  f i g u r e  17 ,  af forded l i t t l e  support ;  t h e  s u b j e c t s  s t i l l  
needed an a d d i t i o n a l  hand, f o o t ,  or  arm f o r  s e c u r i t y .  I n  f a c t ,  t h e  t e s t  
s u b j e c t s  had cons iderab le  d i f f i c u l t y  i n  o r i e n t i n g  t h e i r  bodies and e n t e r i n g  t h e  
l e g  loops,  due to t h e  bu lk iness  and protuberances  on t h e  s u i t .  The use of f o o t  
r e s t r a i n t s  provided an adequate method of f r e e i n g  t h e  test s u b j e c t s '  hands and 
r e a c t i n g  f o r c e s ,  but r equ i red  t h e  test s u b j e c t s  to a c c a n p l i s h  a b l i n d  maneuver 
( f i g .  18) i n  pos i t ion ing ,  o r i e n t i n g ,  and s e q u e n t i a l l y  i n s e r t i n g  t h e i r  boots.  
These maneuvers were inf luenced by t h e  surrounding s t r u c t u r e  £ran which t h e  test 
s u b j e c t s  m o l d  g r a s p  and apply  manents and f o r c e s  to accomplish e n t r y .  Once 
i n  t h e  r e s t r a i n t s ,  t h e  test s u b j e c t s '  maneuvers and reach envelope were l i m i t e d  
by t h e  s u i t  r e s i s t a n c e .  Furthermore, t h e  l o c a t i o n  of t h e  f o o t  r e s t r a i n t s ,  
r e l a t i v e  t o  t h e  hardware t o  be manipulated (even a t  an i d e a l  chest -high loca- 
t i o n ) ,  o f t e n  d i d  not  provide an i d e a l  mechanical advantage f o r  t h e  test s u b j e c t s  
t o  apply  f o r c e s ,  and thereby inc reased  t h e i r  expended e f f o r t .  
Time Lines 
Assembly time l i n e s  and t ime-l ine  assessments a r e  desc r ibed  i n  t h i s  sec- 
t ion .  Improvements i n  t e s t  s u b j e c t  performance a r e  desc r ibed  i n  terms of t o t a l  
assembly times ( f i g .  1 9 )  f o r  t h e  t e t r a h e d r a l  cell and test s e t u p  m o d i f i c a t i o n s  
( t a b l e  I ) .  
The problems encountered i n  test 1 were caused by more than  s imple  l a c k  
of experience. The 5-cm-diameter apex assembly a i d  al lowed excess ive  de f lec -  
t i o n s  a t  t h e  apex. These l a r g e  d e f l e c t i o n s  compounded t h e  d i f f i c u l t y  of com- 
p l e t i n g  t h e  assembly of t h e  apex s t r u c t u r e .  The t e s t  was terminated a f t e r  t h e  
t e s t  s u b j e c t ,  while a t tempt ing t o  c l imb on t h e  test s t r u c t u r e  (dur ing t h e  
i n s t a l l a t i o n  of the  s imulated equipnent module) f r a c t u r e d  two columns. 
I n  t e s t s  2 t o  4, t h e  performance improved s h a r p l y  over  t h e  i n i t i a i  rull as 
the  support  hardware was modified. The apex assembly a i d  was s t i f f e n e d ,  and 
f o ~ t  r e s t r a i n t s  and h a n d r a i l s  were i n s t a l l e d .  The s imulated equipnent  module 
was move2 t o  a more advantageous l o c a t i o n  a t  t h e  base of t h e  apex assembly a id .  
The l a r g e  reduc t ion  i n  assembly time f o r  test 5 can be a t t r i b u t e d  t o  t h e  
experience and s k i l l  of the  two t e s t  s u b j e c t s .  These s u b j e c t s  had many hours 
of previous exper ience i n  zero-gravi ty  s imula t ion  tests, had n e a r l y  p e r f e c t  f i t s  
i n  t h e i r  p ressure  s u i t s ,  and were e n t i r e l y  comfor table  and conf iden t  i n  t h i s  
t e s t  condi t ion.  Consequently, they were a b l e  t o  marlipulate themselves and t h e  
hardware b e t t e r  than any o ther  s u b j e c t s  i n  t h e  test s e r i e s .  
I n  t e s t s  6 t o  8, t h e  s i g n i f i c a n t  improvement over tests 2 to 4 can be 
a t t r i b c t e d  to providing f o o t  r e s t r a i n t s  a t  s t a t i o n  C ( f i g .  2 ) .  
I n  tests 9 t o  1 2 ,  a t o t a l l y  inexperienced test s u b j e c t  went through an  
impressive l ea rn ing  cyc le .  T h i s  test s u b j e c t  received h i s  i n t r o d u c t i o n  to both 
t h e  p ressure  s u i t  and t h e  test method s imul taneously .  Hardware improvements 
included ou t r igger  al ignment,  al lowing t h e  column j o i n t s  t o  r o t a t e ,  and 
i n s t a l l i n g  union D on colwnn 4 ( s e e  s k e t c h  i n  t a b l e  11) p r i o r  t o  t h e  test before  
assembly of the  cell. 
The s i x  f i n a l  t e s t s  t h a t  were run t o  determine performance reproduc ib i l -  
i t y  y ie lded  t h e  fol lowing r e s u l t s :  29.3 minutes average with a spread of 
0.24 minute fo r  the  manual mode and 15.4 average v i  t h  a spread o f  2.05 minutes 
f o r  t h e  RIG-assisted mode assembly. S ince  e r e c t i n g  t h e  apex assembly a i d  was 
not  included i n  t h e  RMS-assisted mode, a more a c c u r a t e  comparison o f  assembly 
times between t h e  two modes should include an add i  t o n a l  3 minutes ( f i g .  1 9; . 
On a per-column b a s i s  ( f o r  assembly o f  the  t e t r a h e d r a l  c e l l  and s imulated r ? , ,  .i;z 
ment module) t h e  manual mode required approximately 5 minutes per column, :.,id 
the  RMS-assistad mode requ i red  approximately 3 minutes per ,wlumn. 
The time l i n e s  f o r  t h e  assembly of i n d i v i d u a l  canponents a r e  shown i n  
t a b l e  I V  as averaged va lues  of d a t a  c o l l e c t e d  throughout t h e  test program. 
These d a t a  were d i f f i c u l t  t o  canp i le ,  s i n c e  t h e  s t a r t i n g  and s topping times o f  
each t a s k  could not  be sharp ly  def ined.  Furthermore, 11 d i f f e r e n t  t e s t  s u b j e c t s ,  
numerous changes i n  test conf igura t ion ,  and an  i n s u f f i c i e n t  number of runs  pre- 
cluded t h e  es tabl ishment  of s t a t i s t i c a l  inferences .  
The g r e a t e s t  amount of t o t a l  time consumed f o r  assembly t a s k s  (due t o  
frequency) was i n  t r a n s f e r r i n g  t h e  columns and assembling and v e r i f y i n g  t h e  
i n t e g r i t y  of the  column end j o i n t s  (1 03 seconds per column, items 7.5, 8.2, 
and 9.2),  followed by t h e  t e s t  s u b j e c t s  p o s i t i o n i n g  themselves and ingress ing  
t h e  f o o t  r e s t r a i n t s  (29 to 36 s mnds,  items 3.1, 4.1, and 4.2). T e s t  s u b j e c t  
t r a n s l a t i o n  times were s i g n i f i c a r l t  i n  t h a t  a l l  a c t i v i t y  had t o  s t o p  t o  a l low 
both s u b j e c t s  to be i n  place  a t  t h e i r  work s t a t i o n s  before  work could cont inue.  
More d i f f i c u l t  t a s k s ,  such a s  c l o s i n g  and v e r i f y i n g  t h e  clamps t o  s e c u r e  t h e  
apex assembly a i d  pole  (items 8.7 and 9.3) and apex union t o  t h e  pole  (items 8.8 
and 9.4) requ i red  p r e d i c t a b l y  longer t imes,  86 and 90 seconds. The s i n g l e  
longes t  task (127 seconds) was t o  remove and i n s t a l l  t h e  s imulated equipment 
module ( i t ems  1.5,  8.4, and 8 .6 ) .  
N o  apprec iab le  change i n  t h e  time t o  accomplish ind iv idua l  t a s k s  was 
observed as the  t e s t  program progressed.  That is, task  element times from 
e a r l i e r  tests were near ly  equal t o  those  ob ta ined  from l a t e r  t e s t s  i n  which t h e  
assembly times were much s h o r t e r .  T h i s  apparent incongru i ty  can be expla ined 
by analyzing t h e  nonassembly a c t i v i t i e s .  Much of t h e  nonassembly a c t i v j  ties 
r e s u l t i n g  i n  l o s t  time were a s s o c i a t e d  wi th  r e s t i n g ,  requestin: i n s t r u c t i o n s ,  
making suggest ions ,  and indec i s ion .  I n  f a c t ,  a 15-percent a d a l t i o n a l  t ime 
fdc to r  was apparent ,  even among t r a i n e d  s u b j e c t s .  
CONCLUDING REMARKS 
To a s s e s s  manned extravehLcular a c t i v i t y  (EVA) assembly o f  a l a r g e  o r b i t i n g  
space s t r u c t u r e ,  1 7  assembly t e s t s  were conducted on a regu la r  six-column t e t r a -  
hedral  c e l l .  This  cell r e p r e s e n t s  t h e  fundamental "element" of a l a r g e  t e t r a -  
hedral  t r u s s  s t r u c t u r e .  A simulated equipnent  module was i n s t a l l e d  a t  t h e  c e l l  
apex to conlplete the  system represen ta t ion .  The 5.4-m long, space-weight 
columns and j o i n t s  were assembled by a team of two c e s t  s u b j e c t s ,  wearing pres- 
su r ized  space s u i t s ,  i n  both manual and s imulated remote-manipulator-assisted 
modes. The cell was crsembled on a S h * l t t l e  cargo bay mockup under s imulated 
zero  g r a v i t y  ( n e u t r a l  buoyancy i n  w a t e r ) .  The test s e t u p  (assembly a i d s  and 
tetrahedral  cell components) and procedures were modified during the t e s t  
program t o  enhance t e s t  subjects '  performance. 
Assembly a ids  were the grea tes t  contributor t o  assembly performance by the 
t e s t  subjects.  These aids provided a f ix tu re  on which the c e l l  wan assembled, 
and a s t ruc ture  on which the t e s t  subjects  t ranslated and worked. Foot 
r e s t r a in t s  a t  each work s t a t ion  freed the t e s t  subjects '  hands and allowed them 
t o  react  the i r  generated forces. 
The operational a c t i v i t i e s  of t e s t  subjects  are  appreciably re s t r i c t ed  by 
the pressurized space s u i t s .  Test subjects  m u s t  learn t o  accommcdate the limits 
of vision, a r t icula t ion ,  and fee l .  The s u i t  bulk and surface pra!ections l i m i t  
maneuvers and can make apparently simple tasks d i f f i c u l t ,  such as insert ing a 
leg  in to  a loop. Furthermore, r e l a t ive ly  simple motions of hand-grasping and 
rotat ing hardware, such as  screws, quickly cause fat igue.  The columns were 
eas i ly  manipulated and passed by the t e s t  subjects ,  but once the  jo in t s  were 
assembled, ver i f ica t ion  was d i f f i c u l t .  The most d i f f i c u l t  maneuver required 
for the t e s t  subjects  in  the f i n a l  t e s t  setup was positioning and orienting 
themselves and entering t h e  foot r e s t r a in t s .  Once i n  the foot r e s t r a in t s ,  the 
t e s t  subjects  often had t o  accomplish the work with poor mechanical advantages. 
The resu l t s  of t h i s  study have confirmed tha t  astronaut EVA assembly of 
large space s t ruc tures  is well within man's physical capab i l i t i e s  in  s p i t e  of 
the l imitat ions of the pressure s u i t .  The time t o  complete the assembly of the 
tetrahedral  c e l l ,  29 minutes or 5 minutes per column, may be s igni f icant ly  
improved t y  using machines, such as  a remote manipulator, t o  reduce the number 
of EVA tasks t o  yield a 3 minute per column assembly ra te .  
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i:: Date 3/12/19 AAA redesigled - d i m e t e r  c n l u g a d ,  foot  r e s t r a i n t  replaced l e g  loop r e s t r a i n t 8  ~ s s e m b l y  ti-, .in I Col- rack redesigned t o  hold D D ~ W  i n  I two r- of three col- each B u 6 r u e  and procedure &if i c a t i o m  a f f e c t i n g  next  temt I Relocated AM to m@re v e r t i c a l  m s i t i o n  I I 
Dive bag for  t e ther ing  af uniom discarded 
for wire loop t e t h e r  on w r i s t  
I Redesigned Si# a t t a c t r e n t  mechanism E r a  snap jo in t  to threadad configurat ion I I Relocated SR4 a t w a g e  area f r a  near s t a t i o n  B t o  m a r  h e e  of AM 
1 i 7 / 1 ? / ' ? 9  / 56.91  1 Urrcned  union i u n t i n g  p d e s t a l s  on ou t r igger  / 
54.37 
1 : 1 4/17/79  1 58.80 1 Enlarged knobs on M A  base c l a p  
Added Loot r e s t r a i n t  a t  s t a t i o n  A 
1/18/79  33.33 Added alignment pins  a t  base of AM I 
Randrai ls  i n s t a l l e d  a t  ends of c o l u n  rack 
Relocated AM foot  r e s t r a i n t  
Indexed AM base c l a p  
Added l e g  loop r e s t r a i n t  a t  s t a t i o a  C 
! I  I Hodified ILM deployment procedure I I- i Added foot r e s t r a i n t  a t  s t a t i o n  C I I I 
45.75  Added handrai ls  on diagonal braces of 
outr igger  I 
4 2 . 3 7  Repositioned IUA foot  r e s t r a i n t  I I 
1 
4 0 . 5 2  I Hodified procedure t o  i n s t a l l  co lmn 4 i n  unior, D as f i r s t  apex c o l u n  I 
Reoriented AAA i n  stowed pos i t ion  
1 I I I 
9 
40.1 8 
9 /11 /79  
Rotated j o i n t s  on cell base t o  a l l a  c o l u n  
i n s t a l l a t i o n  with a downward notion, rather  
than uprard 
11 
/ Repositioned f m t  r e s t r a i n t s  a t  s t a t i o n  A, 
9/12/79 
54.58 
B ,  and C 
Realigned ou t r iggcr ,  pedestals ,  e t c .  I 
26.80 Placed apex (union D) on colrnn 4 prior  t o  
s t a r t  of t e a t  
TABLE 1.- Concluded 
Manual EVA mode 
to 
determine cell assembly times (no modifications) 
REG-assisted EVA mode 
to 
determine cell assembly times (no modifications) 
Test 















14.50 i I Test 15  1 6  Date 9/14/79 9/14/79 
I n i t i a l  a n d i t i o n 8 :  (1) Subjects 1 and 2 a t  s t a t i o n  B 
(2) MA 8t-d down, t a v u d  s t a t i o n  A 
( 3 )  Unionr A, B, and C u e  i n  locker 
(4) Onion D is l o u r t e d  on a o l u n  4 
Subject  2 
I 
i 
Receiva unions A and C 
I n s t a l l  C then A on wr i s t  tether 
i 
Transla te  to s t a t i o n  A 
! 
I n s t a l l  union A 
I n s t a l l  c o l u n  1 
Transla te  to s t a t i o n  C 
I n s t a l l  union C 
I n s t a l l  c o l u n  2 
I n s t a l 1  c o l u n  3 
Trans la te  to  MA base 
secure  c l a r p  on AAA 
Transla te  to s t a t i o n  D 
Maneuver c o l u n  4 toward s t a t i o n  C 
I n s t a l l  union D i n  c l a p  
I n s t a l l  co lmn  5 
I n s t a l l  colun 6 












1 0  
11 
Subject 1 
m i ~ M  A and C 
Transfer uniow t o  sub jec t  2 
R a o v e  union B 
I n s t a l l  union B 
Uaneuver co lmn  1 toward s t a t i o n  A 
I n s t a l l  c o l u n  1 
Planeuver co lmn  2 toward s t a t i o n  C 
I n s t a l l  colun 2 
Trans la te  t o  s t a t i o n  A 
!hneuver colun 3 toward s t a t i o n  C 
I n s t a l l  c o l u n  3 
Erect  M A  
I n s t a l l  pos i t ion  p in  i n  AM base 
Trans la te  t o  s t a t i o n  B 
Haneuver a o l u n  4 toward s t a t i o n  D 
Transla te  t o  s t a t i o n  C 
I n s t a l l  a l u n  4 
Transla te  to s t a t i o n  A 
Waneuver a o l u n  5 toward s t a t i o n  D 
I n s t a l l  co l r rn  5 
Translate to s t a t i o n  B 
Maneuver c b l u n  6 toward s t a t i o n  D 
I n s t a l l  colun 6 
Tranelate t o  SBn 
Transfer SBI t o  s t a t i o n  D 
'nitial amditionsr (1) AAA erected 
(2) Subject 1 a t  station B, 
subject 2 a t  station A 
(3) Subject 1 has Union B tethered, 
subject 2 has unioru C then A tethered 












Imta l l  mion B 
(R16 transfers coltmn 1) 
Install aolun 1 
(RC6 tranefere coltmn 2) 
Install c o l w  2 
h m s l a t e  t o  station A 
Install colmn 3 
Translate t o  station D 
Install union D in c l a p  
( R S  trursferr oolun 5) 
Install colun 5 
(1PB t rmsfers oolun 6 )  
Inatall c o l w  6 




Install union A 
Install m l u n  1 
Translate t o  s t a t  . ii C 
Install mion C 
Install colua  2 
(XUS transfers co lun  3) 
I ~ t a l l  colun 3 
(RIB transfers ao lun  4) 
Install colw 4 
Translate t o  station A 
Install colrrn 5 
Trmslate t o  s t a t i a r  B 
Install c o l w  6 
~ - + z Y  1.1 union f r a  box 
+.I 
( 1.3 I union f r a  wr is t  t e t h r r  I l o  I 
I 2 . 3  / O . r  e d p  of s i l l  I r a  o u t r i ~ r  I ! 
2.7 / V p M A r i t h  SE# 
-- 
Ib ~ ~ u s  foot ru t r . in t  
-ri 
, ?or - ~ s t r a l n t  0 handrail)  
Uaimt t*th.r t o  handrail  without / 1 r r t r . i n t  I I 
I tm T u k  11-t TIM,  
n c  
6 3  Union t o  an wris t  t e t b r  
-- 
7 . 0  h w e t r  
I 1.1  AM to v e r t i c a l  m i t i o n  
6.0 
6.1 
/ 1 . 3  ! Col- - 1.D a q u l u  u i m g  i n  hori-t.1 
plane, using f o o t  ru t r . in t  
/ 7.4 1 Col- - 60° s r lnq ,  rut- foot  r u t r . i n t  I 44 1 
I 
Attach 
Waist t - t h r  t o  h d r s i l  91th r u t r . i n t  
I 1 7.5 1 C o l u n  - 60° swing without foot ru tc . in t  I 44 I 
16 
1 0 0  mt* 
8.1 Unron t o  W t . 1  
Coltmn t o  rnion i u n r v l  .od.) 
C o l u n  t o  union im a) 
































































Tetrahedral cell\  @R 
(6 columns 
5.4 m long) \ 
'Union of simulated equipment module 
f l  r C o l u m n  rack 
Foot restraints (5) - 
C H a n d r a i l  
Union locker 
Figure 2.- Test se tup for  simulated z e r e g r a v i t y  assembly o f  



















































































































(a) Quick-assembly, e x t e r n a l  l a t c h  j o i n t .  
,Circular s l o t  
Harrcl s e c t  ion 
Circular  vedscs 
!b) Quick-assembly/disassembly, i n t e r n a l  l a t c h  j o i n t .  








Figure  7 . -  H I A  p r e s s u r e  s u i t .  

Figure 9 .- Union p$est a1 installatioe. 
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L-01-1 4 3  









Pfgwrs 18.- Teat  s 'Ijcct luppcr) entering foot restraints. 
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